Abstract In addition to reduced-intensity conditioning, which has expanded the eligibility for hematopoietic cell transplantation (HCT) to older patients, increased availability of alternative donors, including HLA-mismatched unrelated donors, has increased access to allogeneic HCT for more patients. However, acute graft-versus-host disease (GVHD) remains a lethal complication, even in HLAmatched donor-recipient pairs. The pathophysiology of GVHD depends on aspects of adaptive immunity and interactions between donor T-cells and host dendritic cells (DCs). Recent work has revealed that the role of other immune cells and endothelial cells and components of the innate immune response are also important. Tissue damage caused by the conditioning regimen leads to the release of exogenous and endogenous ''danger signals''. Exogenous danger signals called pathogen-associated molecular patterns and endogenous noninfectious molecules known as damage-associated molecular patterns (DAMPs) are responsible for initiating or amplifying acute GVHD by enhancing DC maturation and alloreactive T-cell responses. A significant association of innate immune receptor polymorphisms with outcomes, including GVHD severity, was observed in patients receiving allogeneic HCT. Understanding of the role of innate immunity in acute GVHD might offer new therapeutic approaches.
Introduction
Allogeneic hematopoietic cell transplantation (HCT) is used to treat many hematologic malignancies. However, acute graft-versus-host disease (GVHD) remains the most important complication of allogeneic HCT. GVHD was initially reported by Barnes [1] and Billingham [2] who identified three prerequisites for the development of GVHD: (1) the graft must contain immunologically competent cells; (2) the recipient must be incapable of rejecting the donor cells; and (3) the recipient must express tissue antigens that are not present in the transplant donor. Mature donor T-cells were identified as the fundamental cellular mediators of GVHD and several convergent lines of experimental data have demonstrated that host and donor antigen-presenting cells (APCs), especially dendritic cells (DCs), are critical for the induction of GVHD [3, 4] . In addition to T-cells and DCs, several other cellular subsets, such as B cells, macrophages, cd T-cells, NK cells, and NKT cells, are involved in the pathogenesis of GVHD. The past decade has brought impressive advances in our understanding of the role of innate immune responses in the pathogenesis of GVHD. A conditioning regimen that includes total body irradiation (TBI) or chemotherapy damages the host tissues [5] . Injured, stressed, or dying cells release exogenous and endogenous ''danger signals'' (Fig. 1 ). This article reviews the importance of the innate immune response activated by danger signals in GVHD.
detect exogenous bacterial components, the host immune system identifies conserved structural moieties called pathogen-associated molecular patterns (PAMPs) that are found in microorganisms. Most innate immune cells express pattern recognition receptors (PRRs) and recognize PAMPs via PRRs, such as Toll-like receptors (TLRs) and the nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs). The binding of PAMPs by PRRs on APCs activates the innate immune response, which induces the upregulation of cytokines and MHC class II costimulatory molecules and promotes DC migration to the T-cell area of lymph nodes. TLRs are transmembrane proteins located at the cell surface or in endosomes, while NLRs are located in the cytoplasm. To date, 11 TLRs have been identified in humans and 13 in the mouse [6] .
Toll-like receptors (TLRs) Ferrara et al. [7] clarified an essential role of TLR4 ligand and the lipopolysaccharide (LPS)/TLR4 pathway in the development of GVHD. Using mouse GVHD models, they showed that HCT recipients from an LPS-resistant donor led to significantly less GVHD compared with HCT recipients from an LPS-sensitive donor, and that an LPS antagonist reduces GVHD [8] . LPS was also shown to play a role in alloimmune lung injury. Garantziotis et al. [9] reported that LPS-induced lymphocytic lung inflammation was dependent on intact TLR4 signaling in donor-derived hematopoietic cells. In the clinical setting, a trend toward a reduced incidence of severe acute GVHD was found when a TLR4 mutation associated with LPS hyporesponsiveness was present [10] . However, these associations were not statistically significant in recipients of HLA-matched sibling marrow transplants. Another study also failed to detect significant associations with polymorphisms of the genes encoding TLR4 and GVHD [11] , although experimental murine GVHD models show the importance of the LPS/ TLR4 pathway in systemic and pulmonary GVHD. The different effects of TLR4 signaling in humans and mouse models might be caused in part by the bacterial gut decontamination performed routinely in clinical allogeneic HCT.
TLR7/8 recognizes single-stranded RNA and induces anti-viral response. Sykes et al. [12] showed that systemic exposure to the TLR7 agonist, R-848, is sufficient to permit access of activated T-cells to peripheral tissues and induce GVHD. Blazar et al. [13] administered the TLR7/8 agonist, 3M-011 after allogeneic HCT and observed increased GVHD mortality. Interestingly, the same group showed that mice injected with 3M-011 before transplantation had reduced GVHD lethality. Ligation of TLR7/8 expressed primarily on APCs induced the expression of indoleamine 2,3-dioxygenase (IDO) which can suppress T-cell responses and promote tolerance and reduced injury in the colon [14, 15] . These results suggest that certain TLRs can contribute to immune regulatory function. For instance, LPS lipopolysaccharide, ATP adenosine triphosphate, HMGB1 high mobility group box 1 protein, TLR Toll-like receptor, NLR the nucleotide-binding oligomerization domain-like receptor, PRRs pattern recognition receptors, P2X 7 R P2X purinoceptor 7 receptor, RAGE receptor for advanced glycation endproducts, TCR T-cell receptor, APC antigen-presenting cell bacterial flagellin, a TLR5 agonist, regulates CD4 T-cell response by increasing the generation of regulatory T-cells (Tregs) [16] and protects epithelial cells from radiationinduced toxicity [17] . Hossain et al. [18] showed that pretransplant administration of fragellin reduced GVHD while preserving posttransplant donor immunity.
TLR9 recognizes cytosine-phosphorothioate-guanine oligodeoxynucleotides (CpG ODNs) that mimic bacterial and viral DNA and was also shown to be involved in GVHD [19, 20] . TLR9
-/-APCs have reduced allo-stimulatory activity and TLR9
-/-mice showed reduced gut GVHD morbidity and overall GVHD mortality [19, 20] . Ligation of TLR9 on host APCs with CpG ODNs enhanced donor T-cell responses, accelerating GVHD [13] . In the clinical setting, although the occurrence of acute GVHD was not different, TLR9 gene variants that are associated with reduced TLR9 expression were significantly associated with improved treatment-related mortality (TRM), overall survival (OS), and a lower relapse rate [21] .
Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs)
PAMPs are recognized not only by TLRs, but also by nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), which include proteins such as NACHT-, LRR-, and PYD-containing proteins (NALPs), NOD1, and NOD2. NLRs are involved in the secretion of inflammatory cytokines, such as interleukin-1b (IL-1b) and IL-18. NOD2 recognizes muramyl dipeptide (MDP), a component of bacterial peptidoglycan, and induces NF-jB activation, leading to enhanced Th1 responses. Van den Brink et al. examined the role of NOD2 during GVHD. Unlike TLRs, they found that the use of NOD2 -/-donor cells in wild-type recipients had no effect on GVHD [22] . Interestingly, they observed increased GVHD in NOD2 -/-HCT recipients and demonstrated that NOD2 deficiency in host hematopoietic cells exacerbates GVHD using chimeric mice. NOD2 -/-DCs had a higher activation status and increased ability to induce T-cell proliferation during GVHD. These findings are in line with the observation that NOD2 -/-DCs had enhanced ability to trigger inflammatory T-cell responses, and NOD2
-/-mice showed increased susceptibility to experimental colitis [23] . Watanabe et al. [23, 24] found that MDP activation of NOD2 regulates innate responses to intestinal microflora by downregulating multiple TLR responses and that the absence of such regulation leads to heightened Th1 responses.
In the clinical setting, several studies have shown that NOD2 single nucleotide polymorphisms (SNPs) are associated with GVHD [11, 25, 26] . Holler et al. [26] first reported an association between a greater incidence of GVHD and NOD2 SNPs of the donor or recipient. However, several other studies failed to confirm this association [27] [28] [29] [30] [31] . The conflicting results might be explained by multiple factors, including the NOD2 SNP frequency, overall incidence of GVHD, donor source, and intestinal microbial decontamination [32] . Moreover, NOD2 functions as a primary sensor of microbial products inducing inflammatory T-cell responses and also negatively regulates TLR-mediated responses (Fig. 2) . This immunological balance might cause conflict in the association of NOD2 SNPs with GVHD.
Endogenous danger signals: damage-associated molecular patterns (DAMPs)
Endogenous noninfectious molecules, known as damageassociated molecular patterns (DAMPs), are released following conditioning regimen-induced tissue damage and play a critical role in GVHD (Table 1) . Although the proinflammatory cytokines are not considered DAMPs, they serve as DAMPs, and the relationship between inflammatory cytokines and GVHD severity is well supported by animal models. The damaged, activated host tissues secrete cytokines, such as TNF-a, IL-1, and IL-33. The consequences of the action of these cytokines are the increased expression of MHC antigens and adhesion molecules, which recruits effector cells and enhances the recognition of host alloantigens by donor T-cells. In addition to proinflammatory cytokines, DAMPs include intracellular molecules and extracellularly located ones. These are extracellular matrix fragments released by extracellular matrix degradation during tissue damage.
Adenosine triphosphate (ATP)
Zeiser et al. [33] demonstrated that extracellular adenosine triphosphate (ATP) released by dying cells serves as a danger signal to enhance GVHD. ATP binds to P2X purinoceptor 7 receptor (P2X 7 R) on host APCs and induces higher expression of the costimulatory molecules CD80 and CD86 on APCs. This receptor plays a central role in IL-1b secretion via NALP3 or the cryopyrin inflammasome, thereby also allowing more potent allo-stimulatory T-cell priming. The pharmacological blockade of P2X 7 R decreased the incidence of acute GVHD and increased the number of Tregs. They also showed that STAT5, which has several binding sites in the Foxp3 promoter region, was involved in Treg induction in P2X 7 R-deficient animals. CD39 dephosphorylates ATP to ADP and AMP and then CD73 dephosphorylates AMP to adenosine, which reduces inflammation. In the experimental GVHD models, the pharmacological blockade of CD73 enhanced GVHD activity [34] , while an adenosine receptor agonist decreased acute GVHD [35] . In human recipients of allogeneic HCT, polymorphisms of P2X 7 R, NALP2, and NALP3 are associated with survival differences in allogeneic HCT patients [36, 37] . Therefore, P2X 7 R signaling blockade might be a useful strategy for preventing acute GVHD caused by tissue damage during conditioning.
Heparan sulfate (HS)
Heparan sulfate (HS), an extracellular matrix component, can activate TLR4 on DC, which enhances DC maturation and alloreactive T-cell responses [38] . Treatment with the serine protease inhibitor a1-antitrypsin (A1AT) decreased serum levels of HS, leading to a reduction in GVHD severity. In the setting of allogeneic HCT, serum HS levels were increased and associated with the severity of GVHD. Tawara et al. [39] showed that A1AT treatment early after HCT reduced the expansion of alloreactive T-effector cells, but enhanced the recovery of Tregs and decreased mortality in experimental GVHD models. The administration of A1AT reduced serum proinflammatory cytokine levels and suppressed the LPSinduced secretion of proinflammatory cytokines in vitro, which enhanced the production of IL-10 in the host DCs. Another study showed that A1AT treatment reduces serum IL-32 levels and experimental GVHD severity [40] . These findings suggest that blocking HS release or administering A1AT might be an effective strategy for preventing GVHD.
Heat shock proteins (HSPs)
Heat shock proteins (HSPs) are ubiquitous chaperones that bind to and are involved in the folding and unfolding of other proteins. Extracellular HSPs released by dying cells activate innate immune responses via PRRs. HSPs also both induce the maturation of APCs and provide chaperoned polypeptides for triggering specific acquired immune responses. The 70 kilo Dalton HSP (HSP70) expression was correlated with high graft-versus-host responses in an in vitro-generated graft-versus-host reaction in human skin [41] . In human recipients of allogeneic HCT, recipient HSP polymorphisms are associated with a risk of acute GVHD [42] . Human Polymorphisms of P2X 7 R, NALP2 and NALP3 are associated with OS [36, 37] Heparan sulfate TLR4 Mouse a1-antitrypsin decreased serum heparan sulfate levels and GVHD [39] Human Serum heparan sulfate levels were associated with GVHD [40] HSPs TLR2, TLR4, CD91, CD24, CD14 and CD40
Human HSP70 expression was correlated with high graft-versus-host responses [41] Human Recipient HSP polymorphisms are associated with GVHD [42] Uric acid NLRP3 Human Rasburicase reduced the serum uric acid levels and grade II-IV GVHD [44] Hyaluronan TLR2, TLR4 and CD44 Human CD44-hyaluronan contribute to lymphocytotropism to skin GVHD [45] S100 proteins RAGE Human S100 proteins were significantly more detected in saliva of GVHD patients [48] HMGB1 TLR2, TLR4, TLR9, RAGE and CD24
Human Polymorphisms of HMBG1 are associated with GVHD, TRM and OS [50] DAMP damage-associated molecular pattern, ATP adenosine triphosphate, P2X7R P2X purinoceptor 7 receptor, NALP, NACHT, LRR, and PYD domains-containing protein, TRM treatment-related mortality, OS overall survival, HSP heat shock protein, HMGB1 high-mobility group box 1, RAGE receptor for advanced glycation end products
Uric acid (UA)
Uric acid (UA) is released from dying cells and has adjuvant activity in vivo. UA enhanced DC maturation and amplified T-cell responses, and the elimination of UA in mouse models reduced the immune response [43] . Rasburicase is a recombinant urate-oxidase enzyme that catalyzes the oxidation of UA into an inactive soluble metabolite and is currently used to prevent tumor lysis syndrome. In a pilot trial, Brunner et al. [44] administered rasburicase to 23 patients beginning on the first day of conditioning therapy. They reported that rasburicase reduced the serum UA levels and there was significantly less grade II or higher acute GVHD in the rasburicase group compared with 44 comparable patients.
Hyaluronan (HA)
On tissue injury, high-molecular-weight (HMW) hyaluronan (HA), which is distributed ubiquitously in the extracellular matrix, is broken down into lower-molecular-weight (LMW) species. Milinkovic et al. [45] showed that hyaluronidase digestion of acute GVHD skin sections completely blocked CD44? lymphocyte adherence to endothelium, suggesting that CD44-HA interactions contribute to lympho cytotropism to skin in acute GVHD. In addition to facilitating the recruitment of CD44? leukocytes, LMW HA acts as an endogenous danger signal, leading to the activation of both innate and acquired immunity [46] , although its relationship with GVHD is still underdetermined. S100 proteins S100 proteins are calcium binding and there are at least 21 different types of S100 protein. S100A8 and S100A9 are secreted by activated phagocytes and induce proinflammatory cytokines and adhesion molecules in endothelial cells [47] . Since a change in salivary constituents could reflect innate and adaptive immune responses during the development of GVHD, Chiusolo et al. [48] performed a proteome analysis of saliva from allogeneic HCT recipients with or without acute GVHD and healthy volunteers. They found significant differences among the three groups in terms of the frequency and levels of the proteins S100A8, S100A9, and S100A7, although further studies are needed to clarify the role of these proteins in the pathophysiology of acute GVHD.
High mobility group box 1 protein (HMGB1)
High mobility group box 1 protein (HMGB1) is expressed ubiquitously and located mostly in cell nuclei. HMGB1 is released on tissue damage as an endogenous DAMP and is actively produced by immune cells. Extracellular HMGB1 acts as a key molecule of innate immunity, downstream from persistent tissue injury, orchestrating inflammation, stem cell recruitment/activation, and eventual tissue remodeling [49] . Kornblit et al. [50] investigated HMGB1 polymorphisms and found associations between the HMGB1 genotype and outcome after allogeneic HCT following myeloablative (MA) conditioning, but not following nonmyeloablative (NMA) conditioning. The difference in the results between MA and NMA might be explained by a differential effect of HMGB1 depending on the intensity of the conditioning regimen. Inoue et al. [51] reported that a case of refractory acute GVHD complicated by thrombotic microangiopathy was treated successfully with recombinant thrombomodulin (rTM), which possesses the ability to neutralize HMGB1. TM is a membrane glycoprotein expressed mainly by vascular endothelial cells and is involved in coagulation and inflammation. Although the role of HMGB1 in GVHD is not completely clear, targeting innate immune cells and endothelial cells might lead to improved therapeutics in refractory acute GVHD complicated by thrombotic microangiopathy.
Conclusions and further directions
Despite improvements in clinical care, acute GVHD remains a major cause of morbidity and mortality for allogeneic HCT recipients and there is no standard treatment for patients with steroid-refractory GVHD. Most of the current prevention and treatment of acute GVHD targets donor T-cells. The blockade of DAMPs signaling involving ATP, HS, UA, and HMGB1 might be a useful strategy for preventing acute GVHD by reducing DC maturation and alloreactive T-cell responses. In addition to innate immune cells, endothelial cell dysfunction might lead to refractory GVHD treatment [52] . Luft et al. [52] revealed that rising levels of soluble TM, a marker of endothelial damage, were associated with steroid-refractory GVHD, suggesting that its pathogenesis involves progressive microangiopathy. Recently, DAMPs such as extracellular DNA, histones, and S100A8/A9 cause thrombotic microangiopathy [53] . An understanding of the role of PAMPs/DAMPs during the development of GVHD and also microangiopathies might offer new therapeutic approaches for steroid-refractory GVHD.
